Substitution of lysine 27 with methionine in histone H3.3 is a recently discovered driver 19! mutation of pediatric high-grade gliomas. Mutant tumor cells show decreased levels and altered 20! treatment of H3.3K27M tumors. 34! 35! 36!
Establishing specific chromatin landscapes to regulate access to the genetic material is an 40! effective and dynamic mechanism to control cell fate and preserve cell identity. Nucleosomes are 41! the basic structural and functional units of this chromatin regulation. They consist of an 42! octameric core of histone proteins that provide a structural scaffold for the organization of DNA.
43!
Additionally, histones can carry epigenetic information, either through post-translational 44! modifications (PTMs) of the N-terminal tails or through the incorporation of histone variants. 45! These chromatin signatures are indispensable for many crucial cellular processes like DNA 46! replication, transcription, cell division or differentiation 1, 2 . Histone H3.3 is a major variant of 47! histone H3 that is mainly associated with regions of high nucleosome turnover 3 , and loss of H3.3 48! results in severe sterility or lethality phenotypes in most organisms 4, 5 . H3.3 is highly conserved 49! in plants, animals and fungi and is distinguished from canonical H3 by only a few key amino 50! acids that are important for the association with the H3.3-specific histone chaperones HIRA and 51! DAXX [6] [7] [8] .
52!
Despite the importance for chromatin biology, only a few mutations in histone genes are 53! directly associated with specific diseases. One notable example is the recently discovered 54! replacement of lysine 27 with methionine in histone H3 or, more commonly, H3.3 that acts as a 55! driver mutation of specific types of pediatric diffuse intrinsic pontine gliomas (DIPGs) 9 and 56! some cases of acute myeloid leukemia 10 . In tumor cells carrying this oncohistone, trimethylation 57! of lysine 27 on histone H3 (H3K27me3) is strongly and globally depleted from chromatin [11] [12] [13] .
58!
H3K27me3 is a mark characteristic for facultative heterochromatin, and is associated 59! with transcriptionally repressed regions 14 . H3K27 methylation is deposited, recognized and 60! propagated by the Polycomb Repressive Complex 2 (PRC2), a multi-protein complex 61! ! 4! responsible for maintaining the silent state of the genes during development and cell 62! differentiation 15, 16 . PRC2-mediated H3K27me3 propagation is the result of dynamic interactions 63! between the PRC2 complex and pre-existing H3K27me3, which allosterically activates PRC2 64! and facilitates the spreading of the mark to neighboring nucleosomes [17] [18] [19] [20] [21] .
65!
The observed depletion of H3K27me3 in H3.3K27M tumor cells was initially explained 66! by an increased affinity of PRC2 to the K27M-containing H3.3, resulting in PRC2 trapping on 67! the nucleosomes containing this oncohistone 11, 13, 22 . Sequestration of PRC2 can explain how 68! H3.3K27M, present only in a small fraction of all nucleosomes, acts as a dominant negative 69! factor to affect H3K27me3 levels genome wide. However, retention of the mark in some 70! genomic regions of mutant cells is inconsistent with the hypothesis that PRC2 is immobilized by 71! H3.3K27M containing nucleosomes, and instead suggests that part of the PRC2 pool remains 72! active to maintain H3K27me3 levels at some PRC2 targets 11,12 . Moreover, ChIP-seq analysis 73! showed that PRC2 is excluded from, rather than immobilized on H3.3K27M-containing 74! nucleosomes, and residual PRC2 activity is one of the factors promoting tumorigenesis 23 .
75!
Regardless of the exact mechanism of PRC2 inhibition, several studies revealed H3K27M-76! 
Results

96!
H3.3K27M drives ectopic DNA replication, oocyte endomitosis and sterility in C. elegans 97!
We introduced the K27M mutation into the H3.3 gene his-72, one of five C. elegans H3.3 genes, 98! which is ubiquitously expressed and non-essential 30 . His-72 transcript levels are 50 times lower 99! than canonical H3 transcript levels, implying that only a fraction of all nucleosomes incorporates 100! this H3.3 protein 31 . Worms carrying the H3.3K27M mutation show normal somatic 101! development, but display almost fully penetrant sterility at 25°C, indicative of a germline defect 102! ( Fig.1a ). The mutant worms that do not show complete sterility have strongly reduced brood 103! sizes. The mutation is semidominant, as sterility is also observed in heterozygous animals and 104! can be induced by delivering extrachromosomal copies of H3.3K27M ( Supplementary Fig. 1 ). In 105! wild type C. elegans germ lines, germ cells derive from a distal stem cell, undergo a few cycles 106! of replication and mitotic division and then mature through meiotic phases in an assembly line 107! ! 6! fashion into oocytes that are arrested in diakinesis of meiosis I until fertilization ( Fig. 1b lines contain an increased number of oocytes that accumulate DNA contents many-fold higher 114! than wild type oocytes ( Fig. 1c, d) . The presence of these endomitotic oocytes suggested an 115! ectopic activation of DNA replication in mutant germ lines. Immunofluorescence experiments 116! revealed an ectopic expression of DNA polymerase delta subunit 2 (POLD2) at late pachytene 117! stage and in endomitotic oocytes ( Fig. 1e ). Ongoing replication was also evident from BrdU 118! incorporation ( Fig. 1e ). Some, but not all oocytes with over-replicated genomes are positive for 119! the mitosis marker histone H3 phosphoS10, indicative of aberrant cell cycle progression ( Fig.  120!   1e ). However, mitosis does not progress, and continuous replication results in DNA 121! accumulation. We also detected a high number of foci containing the DNA-repair protein RAD-122! 51 in endomitotic oocytes, indicating that the ectopic DNA replication results in extensive DNA 123! damage ( Fig. 1e ). To investigate the DNA accumulation in more detail, we sequenced the 124! genomic DNA of endoreduplicated and wild type proximal gonads. We found no evidence for 125! preferential replication of specific regions, indicating that the entire genome is evenly replicated 126! ( Supplementary Fig. 2 diffuse distribution in germ cell nuclei, but strikingly, introduction of the H3.3K27M mutation 141! causes an altered distribution and accumulation in distinct regions of the nuclei (Fig. 2a ). The 142! change in PRC2 localization is accompanied by a dramatic reorganization of H3K27me3, which 143! becomes depleted from most of the chromatin, but remains enriched on chromosome X 144! (identified by co-staining with H3K4me3) ( Fig. 2a ; Supplementary Fig. 3 ). This suggests that 145! PRC2 is inhibited locally on the autosomes by the oncohistone incorporation, but that sufficient 146! free PRC2 remains to maintain H3K27me3 on the chromosome X, where the H3.3 levels are 147! low. These results also imply that oncohistone incorporation is the main regulator of PRC2 148! activity in mutant cells, and that only regions with little or no oncohistone incorporation retain 149! We next aimed to examine if PRC2 activity can be further reduced by altering the oncohistone 154! incorporation genome-wide. It has previously been shown that the chaperone specificity for H3 155! and H3.3 is conveyed by a four amino acid motif that differs between these two histone proteins, 156! SAVM and AAIG, respectively [6] [7] [8] 36 . We recently demonstrated that exchanging the H3.3-157! specific motif with the one present in H3 results in a more even distribution of the mutated H3.3 158! on the chromatin in C. elegans germ cells, and the H3.3-characteristic depletion from the X 159! chromosome is no longer evident 30 . Introducing the K27M mutation into this H3-like histone 160! therefore allowed us to test the effects of oncohistone redistribution without changing its levels 161! ( Fig. 2b ). In the context of this H3-like oncohistone, PRC2/MES-2 remains concentrated at one 162! region of the germ cell nuclei. Immunofluorescence experiments showed that the H3-like 163! oncohistone is indeed not depleted from the X chromosome ( Fig. 2b) . However, the altered 164! oncohistone incorporation pattern does not seem to further disrupt the H3K27me3 landscape, and 165! H3K27me3 levels remain high on the X chromosome ( Fig. 2b ). Consistently, total H3K27me3 166! levels are strongly reduced in both H3.3K27M and H3-like K27M mutants compared to wild 167! type, while wild type and mutant versions of H3.3 are present at similar levels ( Fig. 2c ).
168!
Altering the oncohistone incorporation from an H3.3 to and H3-like distribution resulted 169! in a superficially unchanged H3K27me3 distribution, and fertility levels remained at about 20% 170! compared to wild type ( Fig. 2d ). However, oocyte endomitosis is not the prevalent cause of 171! sterility in H3-like K27M mutant worms. Instead, a high percentage of the animals fail to 172! develop a gonad, similar to what is observed in PRC2 null mutants ( Fig. 2e Supplementary Fig. 4a ). To visualize the 194! dependencies between oncohistone incorporation and H3K27me3 levels, we divided the genome 195! into four categories based on changes induced by the H3.3K27M mutation: domains that retained 196! (i) or lost (ii) H3K27me3 signal upon oncohistone incorporation, domains with no H3K27me3 197! occupancy in neither wild type nor mutant worms (iii), and the X chromosome (iv) (Fig. 3a, c) . 198! ! 10! In H3.3K27M mutant worms, H3K27me3 appears inversely correlated with oncohistone 199! incorporation. Oncohistone incorporation is high in domains with no or lost H3K27me3 200! occupancy (domains ii and iii), and low in domains that retained H3K27me3 (domains i and iv) 201! ( Fig. 3a, c) . These observations support a model of local, dose-dependent PRC2 inhibition in 202! regions with oncohistone incorporation 28 . To test this model, we also analyzed the H3K27me3 203! levels in the H3-like K27M mutant, where oncohistone incorporation is increased in the 204! domains that normally don't contain H3.3 and on the X chromosome (domains i and iv) ( Supplementary Fig. 4a ), suggesting that oncohistone incorporation is 207! not the only factor affecting PRC2 activity, but that high pre-existing concentrations of 208! H3K27me3 can stimulate the enzyme sufficiently to maintain its activity.
209!
To test whether H3K27me3 in the mutant indeed depends on both oncohistone 210! incorporation and pre-existing (wild type) H3K27me3 levels, we performed hierarchical 211! clustering of the ChIP-seq signal in 10 kb bins covering the entire genome. For both H3.3K27M 212! and H3-like K27M mutants, the clustering was performed on three datasets: wild type (pre-213! oncohistone mutation) H3K27me3 levels, oncohistone levels, and H3K27me3 levels upon 214! oncohistone incorporation. Analysis of the H3.3K27M mutant data confirmed that oncohistone 215! incorporation and PRC2 activity are largely antagonistic ( Fig. 3d, left 
236!
The hierarchical clustering method allowed us to dissect the dependencies between the 237! H3K27 methylation states and oncohistone incorporation patterns, but it did not quantitatively 238! establish that oncohistone-induced changes follow the same pattern in both mutants. Moreover, 239! we were curious to see whether the relationship between these factors of PRC2 regulation also 240! hold true in a mammalian system. To address these questions, we utilized a Taylor's theorem-241! based approximation and modeled the non-linear relationship between oncohistone incorporation 242! and H3K27me3. The model was developed on the C. elegans H3.3K27M mutant ChIP-seq 243! results and then also applied to the datasets obtained for the H3-like mutant and recently 244! ! 12! published results from H3.3K27M-containing mouse cell lines 24 . Although the distribution of the 245! oncohistone incorporation is different in each case, the function approximates the observed 246! H3K27me3 distribution for all three datasets in a similar way ( Supplementary Fig. 6 ). This 247! confirms that, in all cases, the inhibitory effects of oncohistone incorporation are dominant in 248! regions with low pre-existing H3K27me3, but become negligible in regions of high pre-existing 249! H3K27me3, regardless of the oncohistone distribution. background, thus potentially allowing us to link the effect of the mutation to specific pathways 261! that drive the cells towards their aberrant fate. We identified about 500 genes with changes in 262! expression upon acquisition of the H3.3K27M mutation ( Fig. 4a, Supplementary Table 3 ).
263!
Changes in gene expression are anti-correlated with changes in H3K27me3 occupancy (Fig. 4b) , 264! and upregulated genes are mainly localized on the autosomes, while downregulated genes are 265! enriched on chromosome X ( Supplementary Fig. 7) . These results imply that the gene expression 266! changes are likely a direct consequence of the H3K27me3 redistribution in the H3.3K27M 267! ! 13! mutant strain, consistent with the finding that misregulated genes are enriched for PRC2 targets 268! in H3.3K27M tumor cells 38 . Interestingly, H3K27me3 levels are gained or lost over the entire 269! gene body (Fig. 4c ). Extensive misregulation affects many specific gene groups and pathways, 270! but analysis of significantly enriched GO terms revealed that the most affected categories fall 271! into kinase-related signal transduction proteins (Fig. 4d ). However, from this data it is difficult to 272! identify expression changes in specific genes that are causal for the observed phenotype.
273!
To overcome this limitation and identify key genes involved in aberrant oocyte replication 274! within these pathways in an unbiased way, we performed a random mutagenesis screen for 275! genetic suppressors of H3.3K27M-induced sterility (Fig. 5a ). We identified a serine 287 to 276! asparagine substitution in KGB-1 (KGB-1 S287N) as a potent suppressor of endomitosis that 277! restored fertility in worms carrying the oncohistones (Fig. 5b) . We confirmed this finding with 
285!
To confirm that the H3.3K27M mutation leads to aberrant calcium signaling, we measured 286! Ca 2+ levels using the indicator dye Calcium Green-1 dextran, injected into the worm gonads. We 287! found that H3.3K27M mutant worms showed elevated levels of Ca 2+ in the germ line compared 288! to wild type. This defect was partially rescued by the KGB-1S287N mutation, confirming that 289! ! 14! the replicative phenotype observed in these mutants correlates with aberrant Ca 2+ signaling, a 290! known downstream effector of the JNK pathway ( Fig. 5c) 41, 42 . 291! In H3.3K27M mutant germ lines, the kgb-1 gene loses H3K27me3 signal, and kgb-1 292! expression levels are significantly elevated in H3.3K27M mutant germ lines ( Fig. 5d-e ). The 293! KGB-1 S287N mutation does not restore the nuclear distribution of H3K27me3 observed in the 294! oncohistone mutant (Fig. 5f ), indicating that it rescues a defect downstream of the chromatin 295! changes and may affect the stability or activity of the enzyme. Sequence alignment and 296! comparison to the structure of mammalian JNK-1 indicated that the S287N suppressor mutation 297! localizes in the serine/threonine kinase domain of the KGB-1, and is likely exposed on the 298! surface of the protein, thus potentially serving as a phosphorylation target that regulates the 299! activity of the enzyme ( Supplementary Fig. 8 ) 43, 44 . To test whether the sterility is driven by 300! diminished activity of the JNK pathway, we reduced the expression levels of kgb-1 by RNAi, 301! which resulted in a partial rescue of the endomitosis phenotype and in a significant increase in 302! fertility of H3.3K27M worms (Fig. 5g ). To further validate the JNK pathway as potential target 303! for antagonizing the effects of the H3.3K27M mutations, we treated worms with the JNK 304! inhibitor SP600125 45-47 . Consistent with the RNAi experiments, the drug was able to 305! significantly increase the number of fertile animals in the H3.3K27M population, while not 306! affecting wild type worms (Fig. 5h ). Taken together, our results demonstrate that H3.3K27M-307! mediated redistribution of H3K27me3 directly results in gene expression changes, but that the 308! aberrant oocyte replication and endomitosis is driven by misregulation of specific 309! serine/threonine kinases such as JNK. We show that targeting this kinase by RNAi or by 310! chemical inhibitors is an effective way to prevent the aberrant entry of oocytes into the cell cycle 311! and restore fertility in H3.3K27M mutant worms. 312! ! 15!
JNK inhibition is effective on human glioma-derived H3.3K27M mutant cells. 313!
Interestingly, JNK is one of the known targets for inhibiting proliferation of glioblastoma cells 45-314! 47 . This suggests that in addition to the similarities in the H3.3K27M-induced chromatin changes 315! between nematodes and vertebrates, similar downstream gene networks are misregulated to drive 316! replicative cell fates. To explore this possibility, we treated three glioma cell lines, SF8628 317! derived from an H3.3K27M tumor, and SF9402 and SF9427 derived from tumors with wild type 318! H3.3, with the JNK inhibitor SP600125, using assays that were previously described to test 319! differences between the same K27M-negative and -positive glioma cell lines 48 In this study, we provide a general model for the concentration-dependent in cis interplay 357! between pre-existing H3K27me3 and H3.3K27M incorporation that explains the genome-wide 358! H3K27 methylation landscape in H3.3K27M mutant cells. We find that oncohistone 359! incorporation antagonizes PRC2 and leads to a local loss of H3K27me3, but that domains of high 360!
H3K27me3 levels are maintained even upon oncohistone incorporation (Fig. 2, 3) . We propose 361! that the recruitment and allosteric activation of PRC2 by pre-existing H3K27me3 are sufficient 362! to maintain these H3K27me3 domains. The maintenance of H3K27me3 is prevalent on the X 363! chromosome, where we also observe an accumulation of PRC2 in H3.3K27M mutant cells.
364!
Interestingly, a recent study demonstrated that tethering PRC2 to regions that lost H3K27me3 365! upon H3.3K27M incorporation is able to locally restore methylation levels in these regions in 366! mouse ESCs 24 . Together, these results provide strong evidence for the model that H3.3K27M-367! mediated PRC2 inhibition can be overcome by local enhanced recruitment of the enzyme, either 368! through the presence of the activating H3K27me3 marks or by tethering the PRC2 to the specific 369! location, and we demonstrate that this regulation is conserved between nematodes and 370! vertebrates.
371!
The maintenance of large domains of H3K27me3 and the accumulation of PRC2 on the 372! X chromosome argue against the originally proposed model of physical trapping of PRC2 by 373! H3.3K27M-containing nucleosomes 11, 13, 22 . Instead, our data suggests that the PRC2 inhibition is 374! local and transient, and that substantial amounts of PRC2 remain active and are sufficient to 375! maintain domains of high H3K27me3. Our model is also supported by recent studies showing 376! that PRC2 appears to be excluded from K27M-containing nucleosomes 23,54 , and that the presence 377! of H3.3K27M histones prolongs the residence and search time of the PRC2 on the chromatin 55 .
378!
The impaired speed of PRC2 search for the right target may explain the local character of 379! ! 18! H3K27me3/K27M antagonism -a local abundance of the oncohistone may slow down the 380! enzyme, but the more pre-existing methylation is located in close proximity, the easier it is for 381! the PRC2 to resume its activity and propagate the mark.
382!
The proposed model of PRC2 regulation by the local levels of oncohistone and 383! H3K27me3 appears simpler than the chromatin changes described for mouse and human cell 384! culture models. This may be explained by the findings that DNA methylation, which is largely 385! absent in C. elegans, also influences PRC2 activity in human cells 56 . H3K27me3 can also spread 386! in "far-cis" via long range contacts in human cells 57 . Such long-range interactions appear less 387! common in C. elegans nuclei 58 . The simplicity of the spatial organization of the worm genome 388! and the absence of DNA methylation therefore allowed us to establish the local dependencies 389! between pre-existing methylation, oncohistone incorporation and PRC2 activity. greatly differ between cell types 59,60 . Therefore, the resulting H3K27me3 landscapes upon 400! mutation of H3.3 will also differ, and it is tempting to speculate that these differences will result 401! in different, cell type-dependent patterns of PRC2 inhibition, and cell type-specific phenotypes. 402! !
19!
These cell type-specific features may explain why H3.3K27M leads to ectopic activation of 403! DNA replication and cell cycle progression only in some neuronal cell types. The different 404! outcome in cellular fate is exemplified in our worm model by the different germ cell fates 405! induced by H3.3 or H3-like pattern of the oncohistone incorporation (Fig. 2) . The former results 406! in a replicative fate and endomitosis, while the latter leads to inhibition of germ cell proliferation 407! and germline development, mimicking the previously described PRC2 null phenotype 37 . 408! Residual PRC2 activity is essential for the survival of oncohistone-containing human cells, 409! illustrating that the K27M-driven tumors are not simply suffering from loss of PRC2 activity, but 410! that tumorigenesis is driven by specific patterns of PRC2 inhibition 23 . In addition to the pattern 411! of oncohistone incorporation, oncohistone levels may also contribute to the PRC2 inhibition and 412! the downstream phenotypes of the mutant cells. We found that introduction of K27M into the 413! germline-specific H3.3 gene his-74, which is expressed at lower levels compared to his-72 30 , did 414! not result in the replicative phenotype (data not shown), suggesting that in this case chromatin 415! changes were not extensive enough to trigger endomitosis. Systematic and quantitative 416! measurements of oncohistone levels in different human cell lines resulted in the same conclusion 417! that oncohistone levels are important in the context of cellular PRC2 levels 54 . Finally, the fact 418! that more wide-spread, H3-like, distribution of the K27M-containing nucleosomes phenocopies 419! deletion of PRC2 may also explain why the K27M is more prevalent in H3.3 than in H3 in 420! human tumors.
421!
In C. elegans, PRC2 activity is mainly required for germline development, and the 422! H3.3K27M mutation results in ectopic germ cell fates, while somatic tissues appear unaffected.
423!
In mammalian systems, regulation of PRC2 activity is essential during stem cell differentiation 424! and neuronal development 61, 62 and loss of PRC2 can prevent stem cells from differentiation and 425! ! 20! support their proliferation 63,64 . Most of the cells in H3.3K27M-driven tumors show 426! characteristics of oligodendrocyte precursor cells, suggesting that the driver mutagenesis occurs 427! in undifferentiated cells 38 . The constraints on PRC2 activity enforced by oncohistone 428! incorporation may prevent the dynamic H3K27me3 changes required during differentiation and 429! activate transcriptional programs that support an undifferentiated state and result in 430! tumorigenesis. 431!
432!
Tumorigenesis is driven by specific pathways downstream of chromatin changes 433!
The chromatin reorganization caused by oncohistone incorporation and ectopic PRC2 regulation 434! results in a global misregulation of the transcriptome in mutant cells. We found that mutated C. 435! elegans germ cells showed ectopic expression of several hundred genes, which fall into diverse 436! categories such as kinases and ion transporters (Fig. 4) . Similarly, transcriptional profiling of 437! tumor-derived tissues and single cells showed that many cancer-related pathways were 438! misregulated 9, 38 . To single out key factors that link the chromatin changes and the downstream 439! phenotypes, we took advantage of the powerful C. elegans genetics for unbiased screening. 440! Surprisingly, we were able to identify a single point mutation in the C. elegans JNK homologue 441! KGB-1 that significantly rescued the aberrant replication phenotype, making misregulation of the 442! JNK pathway an important contributor to the replicative fate induced by the oncohistone (Fig. 5 ).
443!
The JNK pathway is a known regulator of calcium levels in C. elegans gonads and linked to 444! calcium signaling in human cells 41,42,65 and the suppressor mutation indeed rescued the changes 445! in Ca 2+ levels caused by the H3.3K27M mutation. This suggests that the changes leading to and replicative fate has been established in many types of gliomas [45] [46] [47] . We found that inhibition 458! of JNK suppresses proliferation of cells derived from K27M tumors more strongly than cells 459! derived from non-K27M gliomas (Fig. 6 ). This illustrates the utility of genetic models like C. C. elegans strains were grown using standard OP50 feeding conditions for maintenance, 472! stainings and sterility quantifications, and using peptone-rich plates seeded with NA22 for large 473! quantities necessary for ChIP-seq experiments. N2 (Bristol strain) was used as wild type. A list 474! of strains used in this study, including the numbers of alleles generated, is given in 475! Supplementary Table 1 . For simplicity, the term H3.3 refers to his-72, which is expressed in all 476! cells at all developmental stages both in the soma and in the germline, throughout the 477! manuscript 30, 34 . All genome edits were generated at the endogenous loci of his-72 and kgb-1 478! using CRISPR/Cas-9 as described in 68 . To change the chaperone specificity for HIS-72, the 479! H3.3-specific motif AAIG was replaced with the H3-specific motif SAVM. sgRNAs and repair 480! templates, as well as PCR primers used to detect and sequence the mutations, are listed in 481! The screen for suppressors of H3.3K27M-induced sterility was performed as described in 72 . 601!
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